The partitioning of four dinitrophenylated (DNP-) amino acids in aqueous two-phase systems of (polyethylene glycol (PEG)-8000 + sodium sulfate) and (polyethylene glycol (PEG)-8000 + magnesium sulfate) in five different tie-lines was experimentally determined at T = 298.15 K. The Gibbs energy of transfer of a methylene group between the two phases was calculated from the measured partition coefficients. This characterizes the relative hydrophobicity of the equilibrium phases. Values of DG ⁄ (CH 2 ) were in range from (À0.674 to À1.012) kJ Á mol
Introduction
Aqueous two phase partitioning is a separation technique, with very low environmental impact, considered as an accurate and very adequate methodology for purification of biomolecules [1, 2] . Although it presents many advantages over other conventional separation processes, it is still not widely implemented at an industrial level, as the understanding of the phenomena that rules the partition is highly complex and still under study. Due to the high content of water, it provides a mild environment with a rare loss of biomolecular activity to these kinds of components. Furthermore, the technique has been extensively studied as it offers substantial advantages, such as biocompatibility, low interfacial tension, high capacity and yield, ease of up-scale [3] . So far, studies have been conducted on the two major types of aqueous two phase systems (ATPS): formed by mixing two solutions of different polymers and of a polymer and a salt. Polyethylene glycol (PEG) is a widely used polymer that, with another polymer or salt, can form two immiscible phases [4] , and also, as reported in the literature [5] , can enhance protein refolding and decrease aggregation. Systems formed by a polymer and a salt are usually more adopted due to the larger difference in densities, higher selectivity, lower viscosity, and the lower cost of salts compared to polymers [6] .
Throughout the literature it is possible to find research works on phase separation in ATPS formed by PEG of different average molecular weights and inorganic salts [7] [8] [9] , such as phosphates [10] [11] [12] , carbonates [13, 14] , chlorides [15] and sulfates, e.g. Na 2 SO 4 or MgSO 4 [16] [17] [18] [19] . Molecular weight of the polyethylene glycol has a strong impact on the partitioning process [20] . When the molecular weight of polymer is higher, its concentration required for separation by ATPS is lower [21] . Physicochemical characterization and thermodynamic studies on equilibrium phase for two biphasic systems composed of (PEG 8000 + sodium sulfate) and (PEG 8000 + magnesium sulfate) in different conditions of temperature were reported previously [6, 7, 22] . Several works presenting these experimental (liquid + liquid) equilibrium studies and phase diagrams for different compositions are available in the literature.
Although aqueous two phases systems of PEG 8000 and sulfates, Na 2 SO 4 [23, 24] and MgSO 4 [25] are mentioned in the literature to be very adequate for bioseparation processes, among others due to the possibility to obtain large two phase region with well-defined interface [6] , partitioning in these ATPS's is still not fully investigated.
As the amino acids are precursors of many biomolecules, they can be used to characterize biomonomers, polypeptides and proteins. Therefore, their separation by ATPS is of particular impor-tance. Partitioning of amino acids in system of (PEG 8000 + Na 2 -SO 4 ) has been evaluated before [26] [27] [28] , where distribution coefficients for tie-lines with different compositions of salt and polymer were obtained and the relative hydrophobicity of the phases was determined. The authors reported that there is a linear relationship between the relative hydrophobicities and the phase composition. The average number of methylene groups of the aliphatic side chain of the amino acids, adequate for hydrophobicity characteristics, was optimized in [29] and applied later in [30, 31] .
The experimental data available in the literature for amino acids partitioning in the system (PEG 8000 + MgSO 4 ) is very scarce. Eiteman and Gainer [32] pointed out the dissimilarities of the two phases forming components, which leads to a high DG(CH 2 ), and the mildly buffering properties of the salt, that allow to obtain solutions with different concentrations, with slight changes in pH. These experiments concluded that the partition coefficients are proportional to the composition changes between phases. These data were used to explore the relative hydrophobicities of amino acids and the results were applied in further research works concerning hydrophobicity calculations for peptides.
In this work, partition coefficients of four amino acids:
were experimentally obtained at T = 298.15 K, in five different tie-lines [6] , in the aqueous two phase systems: (PEG 8000 + sodium sulfate), (PEG 8000 + magnesium sulfate). The relative hydrophobicities of the phases were investigated based on the calculations of the free energy of transfer of a methylene group between the phases. Polyethylene glycol was chosen as it has many advantages: low toxicity, low volatility and biodegradability, infrequent occurrence of unwanted side reactions. This polymer is extensively reported in the literature [33] and knowledge about its toxicological properties is well documented comparing to the other alternative solvent systems. PEG can have also impact on increasing the solubility of less polar species. This is, to our best knowledge, the first study which compares the hydrophobicity of the phases for these both systems during the partitioning process of the amino acids. Besides the former publication [32] , there is no recent work presenting DG calculations for the system -(PEG 8000 + MgSO 4 ). Moreover, there are just two recent publications about amino acids partitioning in the system of (PEG 8000 + Na 2 -SO 4 ) which include this hydrophobicity study.
Experimental section

Materials
Polyethylene glycol (PEG) 8000 (LOT SLBJ5906V), with an average molecular weight (M w ) of 8000, and magnesium sulfate (MgSO 4 , anhydrous, P99,5%, M w = 120,37 g/mol) were purchased from Sigma-Aldrich. Sodium sulfate (Na 2 SO 4 , anhydrous, P99.0%, M w = 142.04 g/mol) was supplied by Merck. Stock solutions of each chemical were prepared in deionized water and the concentrations were obtained gravimetrically after lyophilization (Scan Vac, CoolSafe 55-4) for PEG 8000 (50 wt%) or after evaporating on a heating plate (Stuart hot plate SB300) for sodium sulfate (26 wt%) and for magnesium sulfate (27 wt%) .
were purchased from sigma and research organics. For dilutions purposes and to prepare solute solutions (0.2 wt%), deionized water was used.
All products were used as received without further purification. The purities of the components, and suppliers, are presented in 
Methods
Aqueous two phase systems were prepared by weighing the appropriate amounts of polymer -PEG 8000 and salt -Na 2 SO4/ MgSO 4 stock solutions and adding adequate amounts of water (total mass 1 g). Feed compositions of the five tie-lines used for the partitioning studies are specified in table 2. All components were added using an automatic pipette (Multipipette Ò XStream, Eppendorf). For each tie-line, six replicates with the same feed, but having from (0 to 100) mg of solute (DNP-amino acid) stock solutions were prepared (mass ratio of DNP-amino acid to total mass from 4 Â 10 À5 to 2 Â 10 À4 ). To maintain the system composition constant, the corresponding amount of water, from (100 to 0) mg, was added. After addition of all components, tubes were intensively shaken on a vortex mixer for 2 min. Phase separation was achieved by centrifugation (Minispin, Eppendorf) at 13.4 Â 10 3 rpm for 15 min. To ensure complete phase separation, the biphasic systems were incubated for approximately 2 h at room temperature, 298.15 K, controlled with air conditioning. Subsequently, samples of each phase were withdrawn and conveniently diluted with water. For solute quantification in the top and bottom phases, absorbance measurements were done at 362 nm using UV-Vis spectrophotometer (Thermo Scientific Varioskan Flash). Partition coefficients (K) for four DNP-amino acids were obtained as the slope of the straight lines representing the absorbance in the top phase versus the absorbance in the bottom phase, both corrected with the respective dilution factors, featured as a fraction of final volume to initial volume (DF):
The methodology used for these calculations was previously reported and discussed by Silvério et al. [31] .
Results and discussion
The feed composition and the partition coefficients obtained for the four DNP-amino acids in the five different tie-lines previously reported in the literature [6] are presented in table 2. The partition coefficients, K, were calculated using equation (1), as described in the previous section. Standard deviations of the mean for the partition coefficients are below 1.90 wt% (average 1.20 wt.%) for the system with sodium sulfate and below 1.53 wt% (average 1.00 wt %) for the system with magnesium sulfate. In all cases, straight lines obtained from the representation of the absorbance in the top phase against the absorbance in the bottom phase, for the six replicates with different composition, present coefficients of determination r 2 P 0.9980, and average r 2 = 0.9993. The partition coefficients are the slope of the following straight lines: 
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Additionally, constant b assumes very small values, close to zero (average b = 0.0042). This assures that the partition coefficients are independent of the amino acid composition, and that no interactions affect the partitioning process [31] . Table 2 also presents the values for the tie-line lengths, TLL, which are a measure of the differences in phase composition, defined as [26, 31] :
where x and y indicate respectively salt and polymer mass fractions. When increasing concentration of both, salt and polymer, TLL reaches a higher value. Eiteman and Gainer [32] reported that magnesium cation captures more water and makes the behavior of the saline phase more complicated. Comparing the composition of the bottom phase [6] for both systems studied in this work, (PEG 8000 + Na 2 SO 4 ) and (PEG 8000 + MgSO 4 ), the bottom phase of the second system is richer in water, leading to a higher volume of this phase, and smaller K values. This is because of the higher solubility of MgSO 4 in water. Figure 1 shows the logarithms of partition coefficients, lnK, represented against the tie-line lengths (TLL). It can be observed that partition coefficients are a linear function of the TLL, lnK increase with the TLL linearly, which is in agreement with previous studies for different ATPS [26, 31, 34, 35] . This can be expressed by:
where a is a constant that traduces the effect of the equilibrium phases composition. For the origin critical point (in the graph), TLL = 0, ATPS phases have the same composition and therefore lnK = 0. In both studied systems, the top phase is richer in PEG, while the sulfate salt is in major amount in the bottom phase. Considering the hydrophobic target of the four studied DNP-amino acids, they are strongly partitioned to the top phase (with increasing of the TLL). Figure 2 shows the logarithms of the partition coefficients K against the average equivalent number of methylene groups, n (CH 2 ) that are present in the aliphatic side chain of the homologous DNP-amino acids. It is worth remarking that values of n(CH) 2 are different from the real alkyl chain length and were adjusted according to [29] , and their suitability has been demonstrated for ATPS with polymer and salt [30, 31] .
From figure 2, linearity for each tie-line is observed, according to [29] :
where lnK i represents the natural logarithm of partition coefficient K of solute i, n(CH 2 ) is the equivalent number of CH 2 groups of a given solute (determining the length of the aliphatic chain), parameter C constitutes the total contribution of the non-alkyl part of the solute structure and corresponds to the intercept in figure 2 , E spec- ifies the contribution of every methylene group to the distribution coefficient and represents the slope of a straight lines in figure 2. Parameters C, E with the corresponding r 2 values obtained by linear regression are given in table 3. Figure 3 shows the representation of both parameters as a function of TLL for the two systems studied. Values of coefficients C and E for the five TLL studied in the system (PEG 8000 + Na 2 SO 4 ) were compared with data reported in the previous publications already mentioned [26, 27] . Coefficients, C and E, which meaning was given above, are in agreement for all reported studies [26, 27] . Straight lines were obtained, as shown. C, E coefficients obtained in this work for two ATPS, (PEG 8000 + sodium sulfate) (d C, s E) and (PEG 8000 + magnesium sulfate) (. C, 5 E); system of (PEG 8000 + sodium sulfate) compared with the data from previous studies: (j C, h E) [26] and (w C, q E) [27] .
The Gibbs energy of transfer (DG) of a component i, from one phase to another, may be associated with its partition coefficients, respectively [29, 31, 35] :
where R is the universal gas constant, and T is the absolute temperature [K] . DG ⁄ (CH 2 ) can be calculated by combining equations (5) and (6) and using parameter E as the value of changes in affinities of the two phases for a CH 2 group:
The values of DG ⁄ (CH 2 ) are presented in table 3 . Positive values of E and negative values of DG prove that the top phase (polymerrich) is more hydrophobic than the bottom phase (salt-rich).
The system of (PEG 8000 + sodium sulfate) presents more negative values of DG ⁄ (CH 2 ) than ATPS of (PEG 8000 + magnesium sulfate), so the first has a larger relative hydrophobicity. It means that the ATPS of sodium sulfate is more efficient for partitioning. System with sodium salt provides also higher slope than magnesium, which is caused by the differences among the compositions of the equilibrium phases. Figure 4 reported previously in the literature for the same system with different TLL values is presented on figure 5 . The experimental data from literature were [26, 27] obtained at T = 296.15 K and buffers were used to maintain pH constant. The temperature of our study (298.15 K) is slightly different and buffer was not used. It is possible to observe that although there is a difference in the slope, this is not significant. This means that the addition of buffer does not have a strong influence on the hydrophobicity for this system. In a previous work reported in the literature [32] for the system (PEG 8000 + MgSO 4 ) the values of partition coefficients and tie-line lengths are not given, and therefore there is no possibility to compare our results with those, in the same extent like it was done for the system of (PEG 8000 + Na 2 SO 4 ). Values of the observed relative amino acid hydrophobicity followed the hydrophobicity scale in order: Gly < Ala < Leu and as it was expected, they were dependent on the partition coefficients values. In this work, hydrophobicities of the phases were studied. It was also shown that values of partition coefficients increase while the number of CH 2 groups increase, in the same order, as follows: Gly < Ala < Val < Leu.
Conclusions
Partition coefficients for four DNP-amino acids: DNP-Gly, DNPAla, DNP-Val, DNP-Leu were obtained in five tie-lines of (PEG 8000 + Na 2 SO 4 ) and (PEG 8000 + MgSO 4 ) at T = 298.15 K, based on an experimental technique previously reported [31] . Values of the partition coefficients increase as the tie-line lengths increase, what is in agreement with other studies from the literature. They are higher for the system of PEG 8000 with sodium sulfate. Concerning the DG ⁄ (CH 2 ) calculations, it indicates that the hydrophobicity of the phases is higher for the system formed by sodium sulfate. It assumes that for the conditions used in the experiments, this ATPS is more suitable for the amino acids partitioning. Smaller solubility of sodium sulfate comparing to magnesium sulfate can have impact on higher values of the partition coefficients for system of (PEG 8000 + Na 2 SO 4 ). The amino acids studied in this work have higher affinity to the top phase -polymer rich. Comparison of values of DG ⁄ (CH 2 ) as a function of the TLL in PEG 8000-Na 2 SO 4 for the present research (j) and two previous studies (h [26] , s [27] ).
